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Edited by David LambethAbstract We suggest that the cytochrome P450 2E1
(CYP2E1)-induced formation of reactive oxygen species
(ROS) can be regulated by anionic phospholipids and the pres-
ence of the N-terminal region of the enzyme. When the content
of cardiolipin (CL) in membranes at the expense of phosphatidyl-
choline matrix was increased, the ROS produced by recombinant
human CYP2E1 was decreased as a function of CL concentra-
tion. On the contrary, the N-terminally truncated CYP2E1
had a decreased eﬀect on the lipid-induced reduction of ROS for-
mation. These results suggest that speciﬁc phospholipids can reg-
ulate the function of CYP2E1 by interaction with the enzyme
including the N-terminal region(s).
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Reactive oxygen species1. Introduction
Phospholipids regulate the enzymatic activities of cyto-
chrome P450s (CYPs) and provide a matrix for the incorpora-
tion of the proteins [1]. For example, phospholipids in the
immediate vicinity of CYPs in liver microsomes have been re-
ported to be highly organized [2] and speciﬁc phospholipids
such as phosphatidylcholine (PC) are essential components
of a reconstituted P450 monooxygenase system measuring
fatty acid and drug hydroxylation [3].
Cytochrome P450 2E1 (CYP2E1) is a typical ethanol-induc-
ible enzyme that metabolizes various endogenous compounds
such as lipid hydroperoxides, ketone bodies, and acetone [4]
in addition to xenobiotics such as ethanol and chlorzoxazone
[5]. CYP2E1 may also produce reactive oxygen species
(ROS) [6], and this capacity is believed to result in lipid perox-
idation, which is involved in the etiology and pathology ofAbbreviations: E. coli, Escherichia coli; CYP2E1, cytochrome P450
2E1; NPR, NADPH-dependent cytochrome P450 reductase; PA,
phosphatidic acid; PC, phosphatidylcholine; PI, phosphatidylinositol;
PS, phosphatidylserine; CL, cardiolipin; POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine; ROS, reactive oxygen species
*Corresponding author. Fax: +82 62 530 2809.
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0014-5793/$34.00  2008 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2008.04.048many diseases including diabetes [7]. However, the molecular
characteristics and functional regulation of ROS production
by CYP2E1 have been unknown. Here, we suggest that speciﬁc
phospholipids such as cardiolipin (CL) and phosphatidylserine
(PS) incorporated into membranes reduce the CYP2E1-in-
duced release of ROS depending on the presence of the N-ter-
minal region of the enzyme.2. Materials and methods
2.1. Materials
All phospholipids were obtained from Avanti Polar Lipids (Alabas-
ter, AL). Fluorescent probes, Amplex-Red and Ac-Tempo, were ob-
tained from Invitrogen (Carlsbad, CA).
2.2. Expression, puriﬁcation of recombinant human CYP2E1 and rat
NPR
The recombinant human CYP2E1, which has a modiﬁed amino acid
residue in the N-terminal region or is in the N-terminally truncated
form (the ﬁrst 21 codons of the native sequences), respectively, was ex-
pressed in Escherichia coli (E. coli) and prepared using ion-exchange
chromatography as described in earlier reports [8,9]. Recombinant
rat NADPH-dependent cytochrome P450 reductase (NPR) was ex-
pressed in E. coli and puriﬁed as described previously [10,11]. The cat-
alytic activity of CYP2E1 was determined by monitoring the
hydroxylation of chlorzoxazone [9].
2.3. Preparation of lipid vesicles and reconstitution of CYP2E1
Phospholipid membrane as large unilamellar vesicles (LUV) with a
diameter of 100 nm were prepared as described [12]. In all experiments,
100% of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was used as a standard matrix phospholipid. To prepare liposomes
containing anionic phospholipids as a binary mixture of PC/anionic
phospholipids, PS, phosphatidic acid (PA), bovine phosphatidylinosi-
tol (PI), or CL was included up to 50 mol% at the expense of PC. The
concentrations of phospholipids were determined by phosphorus assay
[13]. Instead of simple mixing CYP2E1 with liposomes, a reconstitu-
tion method was used to incorporate CYP2E1 into membranes: The
phospholipids (2 mM) dissolved in chloroform were evaporated under
a stream of argon gas and speed vacuuming. The dry lipids were hy-
drated in buﬀer A (50 mM potassium phosphate, pH 7.4, 100 mM
NaCl, 1% CHAPS) containing about 20 lg CYP2E1. The mixtures
were dialyzed for 72 h against an excess volume of buﬀer B (buﬀer A
without CHAPS). The resulting proteoliposomes were pelleted by cen-
trifugation at 100000·g for 30 min at 4 C. The formation of proteo-
liposomes was monitored by measurement of light scattering during
dialysis with a spectroﬂuorometer (excitation and emission wavelength
of 450 nm). The average diameter of the liposomes was about 320 nm
when assayed as described previously [14]. The amounts of reconsti-
tuted CYP2E1 were determined by Fe2+–CO versus Fe2+ diﬀerence
spectroscopy [15] and a bicinchoninic acid procedure (Pierce, Rock-
ford, IL). After the reconstitution, the ratio of phospholipid concentra-blished by Elsevier B.V. All rights reserved.
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Fig. 1. NADPH oxidation and H2O2 production by CYP2E1 in
various PC membranes. The modiﬁed CYP2E1 was reconstituted into
PC membranes and then NADPH oxidation as well as H2O2
production was measured spectrophotometrically as described in
Section 2. 16:0/18:1, 20:1, 18:1, 16:1, and 14:1 represent 1-palmitoyl-
2-oleoyl, 1,2-dieicosenoyl, 1,2-dioleoyl, 1,2-dipalmitoleoyl, and 1,2-
myristoleoyl-PC, respectively.
1772 E.Y. Cho et al. / FEBS Letters 582 (2008) 1771–1776tion (w/v) to that of protein (L/P) was determined as approximately
820 ± 45 for the modiﬁed CYP2E1 and 736 ± 39 for the truncated
CYP2E1, respectively, in reaction samples.
2.4. Measurement of reactive oxygen species
The production of hydrogen peroxide (H2O2) was determined spec-
trophotometrically by reaction with ferroammonium sulfate and
KSCN as described elsewhere [16]. The level of H2O2 was also mea-
sured ﬂuorometrically using Amplex-Red reagent [17]. After the termi-
nation of the reaction described above, the Amplex-Red assay kit
(containing Amplex-Red reagent) was used as described by the instruc-
tion manual. The emission ﬂuorescence of the probe was recorded in
the range of 560–650 nm under an excitation wavelength of 545 nm.
The ﬂuorescence intensities were selected at 590 nm as a maximum
emission wavelength (kmax). The production of free radicals and super-
oxide was observed with a ﬂuorescent probe, Ac-Tempo (5 lM), with
an excitation wavelength of 361 and an emission range of 380–550 nm,
respectively, using the same procedure as that of the Amplex-Red as-
say. The ﬂuorescence intensity at 440 nm was used as the kmax. In both
assays, the ﬂuorescent intensities for blanks (ﬂuorescence probes only)
were not considerable in the current y-axis scale of result ﬁgure and
also subtracted from the original spectra.
2.5. NADPH oxidation
NADPH oxidation was measured by reconstitution of CYP2E1 and
NPR into membranes as described previously [18]. The samples
(950 lL) were preincubated at 37 C for 3 min in the presence of
100 lM of the substrate, chlorzoxazone, as described for the measure-
ment of catalytic activities of CYP2E1. Reactions were initiated by the
addition of 50 ll of 4.0 mM NADPH, and the decrease in the A340 was
monitored for 1 min. Rates of NADPH oxidation were calculated
using e340 = 6.22 mM
1 cm1 for NADPH.2.6. Circular dichroism (CD) spectroscopy
CD spectra in the far-ultraviolet range were monitored at 30C with a
Jasco J-715 soectriokaruneter (Japan Spectroscopic, Tokyo). The opti-
cal path length was 0.1 cm and measurements were conducted in
100 mM potassium phosphate (pH 7.4) containing 1 lM CYP2E1
and 800 lM liposomes on the basis of phosphate concentration.
Blanks (buﬀer with or without phospholipid) were routinely recorded
and subtracted from the original spectra. All CD spectra were recorded
in three independent samples containing components present in the
additions. On average, data from 20 scans were accumulated.2.7. Statistical analysis
Data were analyzed by analysis of variance (ANOVA) in the dose-
response experiments, as well as by two-tailed Students t-tests. A P va-
lue <0.05 was considered signiﬁcant. In each case, the statistical test
used is indicated, and the number of experiments is stated individually
in the legend of each ﬁgure.3. Results and discussion
CYP2E1 is involved in important deviations in the redox
reaction, which results in the release of ROS without substrate
oxidation [19,20]. In order to investigate a possible relationship
between phospholipid compositions and ROS production of
CYP2E1, the amount of CYP2E1-induced H2O2 was measured
with model membranes consisting of 100% PC or a binary sys-
tem of PC/anionic phospholipids.
Fig. 1 shows that recombinant CYP2E1 reconstituted into
PC membranes produced H2O2 although a modiﬁed CYP2E1
in the N-terminal region (Ser residue of native protein in the
second amino acid is replaced with Ala) was used in this study
instead of a native form [8]. Moreover, regardless of whether
the PC matrix was derived from tissue or artiﬁcial synthesis,
the ratios of NADPH oxidation to H2O2 formation were in
similar ranges. As a control, when the same experiment was re-peated with a sample containing all of the components de-
scribed above except the CYP, the amount of H2O2 was not
detectable. When the N-terminally truncated form of CYP2E1
instead of the modiﬁed enzyme was used, a similar result (the
amount of H2O2 produced by the enzyme and the ratio of
NADPH oxidation/H2O2 formation) was also obtained (result
not shown).
Regarding the anionic phospholipids, Fig. 2A shows that
CL had the most signiﬁcant eﬀect on ROS regulation. When
CL was incorporated into the reconstitution system containing
modiﬁed CYP2E1 and NPR, the production of H2O2 by the
modiﬁed enzyme was not changed markedly in the presence
of 5 mol% CL. In contrast, a considerable decrease in the
amount of H2O2 was shown when the concentrations of CL
were increased above 5%. They eventually reached a state of
equilibrium, in which only approximately 10% of H2O2 was
produced at 30 mol% CL, when the amount of H2O2 without
CL was considered to be 100%. PS also reduced the production
of H2O2 as a function of the lipid concentration but with less
eﬃcient than CL. Approximately 40% of H2O2 (compared to
the values with 100 mol% PC) was produced at around
50 mol% PS. Further incorporation of PS (above 50 mol%)
in the binary mixture induced only a slight decrease in H2O2
production (result not shown). In contrast, however, the trun-
cated CYP2E1 showed a signiﬁcantly decreased eﬀect on the
CL (or PS)-induced reduction of H2O2 production (Fig. 2B).
Considering that the amount of reconstituted protein between
the modiﬁed and the truncated CYP2E1 as described above
was in the same range and both forms of CYP2E1 showed sim-
ilar levels of NADPH oxidation and H2O2 production at the
same CYP concentration (result not shown), this result sug-
gests that the N-terminal region of CYP2E1 plays an impor-
tant role in the CL-induced reduction of H2O2 production
despite the presence of a diﬀerent amino acid residue from a
native form in the modiﬁed CYP2E1. When the measurement
was repeated with the assay system containing the modiﬁed
CYP2E1, NPR, and chlorzoxazone in 100% PC membranes,
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Fig. 2. The eﬀect of anionic phospholipids on the production of H2O2 by CYP2E1. The amount of H2O2 produced was measured as a function of the
concentration of anionic phospholipids at the expense of PC with the modiﬁed CYP2E1 (A) or the N-terminally truncated form (B) using the
spectrophotometric method. In ﬁgure (C), gray and black bars represent the CL-induced reduction of H2O2 production by the truncated and
modiﬁed CYP2E1, respectively, in the presence of chlorzoxazone, with increasing concentrations of cardiolipin. The amount of H2O2 produced by
CYP2E1 in the absence of the substrate was set to 100% in the y-axis as a control (open bar).
E.Y. Cho et al. / FEBS Letters 582 (2008) 1771–1776 1773the amount of H2O2 produced increased by approximately
20% compared to the value in the absence of the substrate
(Fig. 2C). Paralleling the result obtained in the absence of
the substrate, the incorporation of CL still decreased the
ROS production in a concentration-dependent manner and
its eﬀect was more signiﬁcant with the modiﬁed CYP2E1 than
the truncated form.
As a control experiment, H2O2 (ﬁnal 1%, v/v) was added in
the reaction samples containing 100% PC or PC/CL (70:30,
mol%) membranes in the absence of CYP2E1 and the amount
of H2O2 was measured after 1 h incubation under the same
conditions described for the result of Fig. 2. However, there
were no diﬀerences in the H2O2 concentration regardless of
the presence or absence of phospholipids when compared to
the value of a buﬀer without any phospholipid and protein
component (result not shown). This result suggests that CL
(and also PC) does not interfere with the assay for anionic
phospholipid-induced regulation of ROS by CYP2E1.
In order to conﬁrm the result described above, the produc-
tion of H2O2 was measured using an assay kit containing Am-
plex-Red reagent, a ﬂuorescent probe that is known to be
speciﬁcally oxidized by hydrogen peroxide, which results in
the reduction of emission ﬂuorescence. Fig. 3A shows that
the emission ﬂuorescence of the probe was decreased in a linear
manner when the amount of CL was increased in a reactionsample containing the modiﬁed CYP2E1 regardless of the
presence or absence of chlorzoxazone. However, the truncated
CYP2E1 had little eﬀect on the decrease in the emission ﬂuo-
rescence implying again the importance of the presence of
the N-terminal region of the protein (Fig. 3A, inset). Together
with the spectrophotometric data, these results indicate that
CL reduces the production of H2O2 produced by CYP2E1
with increasing the lipid concentration.
The experiment described above was also repeated with an-
other ﬂuorogenic probe, Ac-Tempo, which speciﬁcally reacts
with hydroxyl radicals and superoxide, after which its ﬂuores-
cence is emitted [21]. Fig. 3B shows that emission ﬂuorescence
occurred in the reconstitution system. This result suggests that
radicals and superoxide were actually released by the CYP2E1,
although the amount of ROS released could not be estimated.
However, the possibility that Ac-Tempo also reacts with
hydrogen peroxide cannot be excluded. In contrast, an increase
in the concentration of CL in the membrane decreased the
ﬂuorescent intensity of Ac-Tempo, which suggests that CL re-
duces the release of ROS, although the precise mechanism of
the reaction is currently unclear. Taken together, it could be
suggested that CL acts as a functional modulator of CYP2E1-
induced oxidative stress. As control experiments, the measure-
ment of ROS production (Figs. 2 and 3A and B) were repeated
with the modiﬁed CYP2E1 reconstituted into 100% PC by
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Fig. 3. Emission spectra of Amplex-Red reagent (A) and Ac-Tempo (B). The amount of H2O2 generated from CYP2E1 was measured using an
Amplex-Red assay kit with increasing concentrations of CL in the presence (open symbols) or absence (ﬁlled symbols) of chlorzoxazone. In ﬁgure
(A), the emission spectra were recorded in the wavelength range of 560–650 nm, under an excitation wavelength of 545 nm. In ﬁgure (B), the emission
spectra of Ac-Tempo were recorded under the same procedure as that described for Amplex-Red, with 5 lM Ac-Tempo in the reaction samples.
Lines a, b, c, d, e, and f represent each of the emission spectra in the presence of 0, 5, 10, 20, 30, and 50 mol% CL, respectively. F.I. and a.u. represent
ﬂuorescence intensity and arbitrary unit, respectively. The kmax (at 590 nm for Amplex-Red and at 440 nm for Ac-Tempo) was also plotted with
increasing concentrations of CL using the modiﬁed CYP2E1 (circle) and the truncated protein (rectangle) (inset). In ﬁgure (C), the amount of H2O2
assayed by colormetric method, Amplex-Red, and Ac-Tempo signals were measured with the modiﬁed CYP2E1 reconstituted into 100% PC
membranes by adding bovine catalase under the same conditions described for Figs. 2 and 3A and B. The amount of ROS without catalase was all set
to 100% in the y-axis as a control and the signals in the presence of catalase were expressed as relative values. The numbers represent the ratio of
catalase to CYP2E1 (w/w).
1774 E.Y. Cho et al. / FEBS Letters 582 (2008) 1771–1776adding catalase to validate the present assays. Fig. 3C shows
that all ROS signals including spectrophotometric assay, Am-
plex-Red, and Ac-Tempo ﬂuorescence, which were produced
by CYP2E1, were decreased in the presence of catalase.
To investigate the eﬀect of anionic phospholipids on the elec-
tron transfer and the monooxygenase activity of modiﬁed
CYP2E1, chlorzoxazone 6b-hydroxylase activity and NADPH
oxidation were measured by increasing the concentration of
CL in liposomes. However, the incorporation of CL up to
50 mol% had no signiﬁcant eﬀect on the catalytic activity
and NADPH oxidation of the CYP2E1 (Fig. 4). Moreover,
other anionic phospholipids such as PA, PI, and PS did not
show any changes in the assays as expected (result not shown).
Therefore, considering the results that CL decreases in the
CYP2E1-induced ROS production without changing the levels
of catalytic activity and NADPH oxidation, it may be postu-
lated that the electrons from NADPH can be used to generate
more amount of H2O in the presence of CL compared to that
without the anionic phospholipid, which a similar explanation
has been already suggested [22].The present works do not provide the exact molecular mech-
anisms involved in decreasing ROS release by CYP2E1. In or-
der to speculate the functional role of CL as the lipid-induced
conformational change of the protein, the secondary structure
of modiﬁed CYP2E1 bound to membranes was measured
using circular dichroism in the absence or presence of CL.
The spectra were curve-ﬁtted by the least-squares method onto
the reference spectra obtained from ﬁve proteins: myoglobin,
lysozyme, ribonuclease A, papain and lactate dehydrogenase
[23]. When PC was substituted with 30 mol% CL, the a-helix
content of CYP2E1 increased by approximately 10% and ran-
dom structure decreased by 14%, respectively, compared to the
values for the protein interacted with 100% PC vesicles (Table
1, Fig. 5). Thereby, it can be suggested that the CL-induced
conformational changes in CYP2E1 is responsible for the func-
tional switch of the protein to decrease the ROS production.
CL is a speciﬁc anionic phospholipid component of the
mitochondrial outer (approximately 23% of total mitochon-
drial CL in rat liver) [24] and inner membranes (approximately
20% of total mitochondrial phospholipids in beef heart) [25].
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Table 1
Secondary structural changes in CYP2E1 induced by interaction with
cardiolipin
Additions a-Helix b-Sheet b-Turn Random
100% PC 33 ± 1 17 ± 1 20 ± 1 30 ± 2
PC/CL (70:30) 43 ± 2 19 ± 1 22 ± 1 16 ± 1
All estimates are means ± S.D.
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ellipticity, [h]R, is expressed on the basis of the number of amino acids
per molecule of CYP2E1.
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physiological conditions such as apoptosis [26,27] and disease
[28]. Mitochondria also contain all the enzymes required for
the de novo synthesis of CL [29]. Moreover, CYP2E1 is pri-
marily located in the membrane of endoplasmic reticulum.Thereby, the present works may raise a question about the
physiological signiﬁcance of CL (also PS) in regulating the
CYP2E1-induced formation of ROS in vivo.
There is increasing evidence suggesting that CYP2E1, as well
as other inducible P450s, is also targeted to the mitochondrial
compartment [30,31]. Although the precise biological role of
mitochondria-targeted CYPs remains unknown, several stud-
ies suggest that they play important roles in drug metabolism
and especially in oxidative stresses by ROS production and
depletion of the mitochondrial glutathione pool, which is re-
lated to apoptosis [32–34]. However, the precise localization
of CYP2E1 in mitochondria is unknown and it has been sug-
gested that the mitochondria-targeted CYP2E1 is the N-termi-
nally truncated form [32]. Therefore, the functional role of the
targeted CYP2E1 including the induction of oxidative stress is
still obscure in mitochondria. Recently, in relation with our
investigations, it was suggested that mitochondria participate
in the induction of CYP2E1 by alcohol, which parallel param-
eters of oxidative stresses, and lipid composition of a diet is an
important determinant for the expression [35].
Considering the results together, the present work may sug-
gest the possibility that speciﬁc phospholipids in mitochondrial
membranes can regulate the oxidative stresses contributed by
CYP2E1 in mitochondria by association with the protein,
which regulate the apoptosis process. In addition, it can be
anticipated that mitochondrial-targeted CYP2E1 show diﬀer-
ent interaction properties with mitochondrial phospholipid(s)
depending on whether it is in the native or truncated form.
In conclusion, our investigations suggest that CYP2E1 inter-
acts with CL (or PS) speciﬁcally in membranes and this inter-
action induces a decrease in the production of ROS by
CYP2E1 although the molecular mechanisms are unknown
at present and the eﬀect of CL on the release of other oxidative
stresses such as lipid peroxidation also should be tested. The
current results may show another example representing the
functional regulation of CYP enzymes by phospholipid com-
positions in membrane, which has been suggested with other
CYPs such as CYP2B4 and 3A4 [36,37].
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